The dispersion of carbon black agglomerates suspended in polydimethyl siloxane (PDMS) or polybutadiene (PBD) liquids has been studied. Agglomerates comprised of either a low-structure or a high-structure carbonblack were subjected to simple shear flow. Two characteristic length scales that affect the dispersion process are identified. One length scale (Lp) is a measure of the ease with which fluid can flow through the porous agglomerate structure. The second (δ) is a measure of the depth to which processing fluid has soaked into the agglomerate. Values of Lp were found to be independent of types or viscosity of the polymer but were sensitive to the structure and packing density within agglomerates. The parameter δ, which varies with time of immersion in the processing fluid, was found to be smaller at comparable immersion times for matrix fluids with high viscosity. Shearing experiments showed two kinetic regimes (fast and very slow dispersion). For each type of matrix liquid, there exists a critical packing density; agglomerates having a packing density lower than this critical value exhibit only fast erosion, but those with packing density higher than this critical value show dispersion kinetics that starts as fast but shifts to slow after a certain period of shearing. The critical packing density was higher in PBD than in PDMS for agglomerates of the low-structure carbon-black but was not significantly different for agglomerates of the high-structure carbon-black. The critical packing density was found to shift to higher values if higher viscosity PDMS was used. The dispersion kinetic regime for the different polymers liquids could be correlated with the value of δ/Lp. If δ/Lp remained less than a critical ratio, only fast erosion was observed. Measurement of fragment size distributions support the notion that fragments are produced primarily from the periphery of the agglomerate in the slow kinetic regime, but can be larger (up to the size of δ) for the fast kinetic regime.
INTRODUCTION
The quality of carbon black dispersion into rubber is one of the important factors affecting the physical properties of the resulting compounds. 1 3 The kinetics as well as the ultimate degree of dispersion attained are influenced by the nature of the elastomer, the morphology of carbon black, and the mixing conditions. 4 10 Many researchers 11 14 have studied and proposed models of agglomerate dispersion. However, not all factors governing the dispersion process are yet well understood.
One of the little studied factors affecting dispersion mechanisms and kinetics is the agglomerate permeability (k), which depends on the overall packing density and the morphology of constituent aggregates. The permeability of the agglomerate determines the ease with which the processing fluid can flow through the agglomerate, and consequently affects the hydrodynamic stresses experienced by the agglomerate. Additionally, the presence of matrix fluid can alter the cohesivity of the agglomerate and the infiltration process can induce some structural changes in the agglomerate. In our previous work, 15 the dispersion of carbon black agglomerates in polydimethyl siloxane (PDMS) liquids undergoing simple shear flow was investigated. Two characteristic length scales that affect the dispersion process have been identified, namely a length scale Lp(= √ k), which is related to the thickness region within the agglomerate that can be drained by the shear flow, and a parameter δ, related to the depth to which liquid has infiltrated into the agglomerate due to capillary action. Our model considers only agglomerates of uniform structure such that Lp has a unique value for a given agglomerate. We also consider only spherical agglomerates with δ reflecting a radially symmetric infiltration. Different kinetic regimes had been observed depending on the ratio of δ/Lp. When δ < Lp, all of the fluid that has soaked into the agglomerate can respond to the external flow field and relatively fast dispersion occurs (see Figure 1) . Correspondingly, the incremental hydrodynamic stresses resulting from flow within the agglomerate can directly bear upon the interface between its dry and infiltrated portions. However, if infiltration proceeds at a rate faster than dispersion can remove the periphery of the agglomerate, δ can become large enough to exceed Lp. In this case, much slower dispersion kinetics were observed. This was attributed to the hydrodynamic resistance for fluid flow within the interfacial region that can bear upon the interface between the dry and soaked portions of the agglomerate.
Hess et al. 16 investigated the effect of oil addition on carbon black dispersion in EPDM. The authors found that adding the oil together with carbon black into the matrix produced markedly lower dispersion levels by comparison with a procedure of withholding the oil addition until the carbon black was completely incorporated. Apparently, oil absorption into the carbon black produces hard agglomerates which are very difficult to disperse. Hess's observation is consistent with our findings of retarded dispersion by advanced matrix infiltration.
The mechanism and kinetics of dispersion are also affected by matrix viscosity and matrixagglomerate interfacial properties. Coran et al. 4 studied the kinetics of carbon black dispersion in rubbers of various functionalities (natural rubber, styrene-butadiene rubber, butadiene rubber, polyisoprene, isobutylene-isoprene rubber and ethylene-propylene-diene rubber) and molecular weights. These researchers found that the kinetics and final degree of carbon black dispersion were affected by matrix properties. Indeed, matrix properties may alter both δ and Lp and correspondingly the dispersion kinetics.
The objectives of this study are to understand how matrix viscosity and interfacial properties affect the kinetics of dispersion. Our study focuses on the behavior of single, spherical agglomerates (millimeter scale) of carbon black. For agglomerates consisting of two different grades of aggregates and prepared within a range of packing densities, we estimate values of Lp, analyze the rates of matrix infiltration into the agglomerates, and kinetics of dispersion under simple shear flow conditions. Fragment size analysis provides some insight into the nature of the dispersion mechanism in the two kinetic regimes. 
EXPERIMENTAL

MATERIALS
Two types of fluffy carbon black, Monarch 880 and Monarch 900 provided by Cabot Corporation, were used in this study. Some morphological characteristics of the two grades are listed in Table I . Both grades have the same primary particle size, as reflected by the BET surface area, but possess different aggregate structure as measured by the dibutyl phthalate absorption (DBPA) test. Monarch 880 is designated as a high structure black whereas Monarch 900 is a low structure grade. (Monarch is a registered trademark of Cabot Corporation.) Spherical agglomerates were made by unidirectionally compressing and tumbling fluffy carbon blacks into 2.2-2.3 mm diameter spheres. Agglomerates were prepared with density ranging from 0.30 to 0.53 g/cm 3 as measured by pycnometry. PDMS fluids of three different viscosities (30,000, 48,000 and 60,000 cS) and polybutadiene (PBD) fluids of 3400 and 48,000 cS were used in the infiltration and dispersion experiments. All PDMS fluids were supplied by the Dow Corning Corporation. The PBD fluids were supplied by Ricon Resins, Inc. For the pycnometric measurements, 600,000 cS PDMS was used as the suspending fluid. With such a high viscosity, negligible fluid infiltration is expected during the duration of the pycnometry measurement.
PROCEDURES
Sedimentation experiments were used for the estimation of Lp. Agglomerates for these experiments were presoaked for three days in PDMS of viscosity 30,000 cS and PBD of viscosity 3400 cS, and for five days in PDMS of 60,000 cS. Following soaking, the density of these maximally soaked agglomerates was measured using pycnometry. The settling velocity of individual agglomerates placed within a sedimentation chamber was observed using a CCD camera and image analysis system. One to six agglomerates for each density were observed. Details of the experimental approach were described in our previous study.
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The kinetics of matrix infiltration were measured in buoyancy experiments performed with initially dry agglomerates using the same apparatus as described above. Here the flotation or sedimentation speed was recorded as a function of the time of immersion in different polymers.
Dispersion experiments were performed in a rotating cone-and-plate device having a 4
• cone and a gap size of 4 mm. The operation of this device is described in detail elsewhere. 13 In all experiments, a single carbon black agglomerate was placed into the apparatus at a position that avoids contact with the walls. All experiments were performed at a constant shear stress of 1650 Pa which requires that the shear rate be changed according to the viscosity of the particular fluid. The shear stress chosen is higher than the critical value necessary to disperse the agglomerate by an erosion mechanism, but lower than the stress required to rupture the agglomerates into large fragments. Erosion is characterized by a continuing process in which small fragments are detached from the outer surface of the agglomerate. This process was recorded using the CCD camera and the reduction in size of the parent agglomerate was determined using an image analysis system.
RESULTS AND DISCUSSIONS
SEDIMENTATION OF AGGLOMERATES
Sedimentation and buoyancy experiments were consistent with the notion that fluid drains through the outer portions of the spherical agglomerate. Evaluation of the parameters Lp and δ was inferred from the hydrodynamic drag experienced by the agglomerate in the sedimentation or flotation experiments. Note that in all experiments we used spherical agglomerates of similar size. Calculations were based on the assumption that agglomerates exhibit a uniform structure. At a steady-state sedimentation rate U , a force balance on the agglomerate gives
where ρ b is the net density of the agglomerate and any incorporated fluid, ρ f is the density of the fluid, µ is the fluid viscosity, a is the agglomerate radius, and g is the acceleration of gravity. The parameter Ω is the ratio of the hydrodynamic drag for a permeable sphere to that for an impermeable sphere of equivalent density and size. The value of Ω depends on the size distribution and arrangement of the pores within the agglomerate as well as on the degree of fluid saturation within those pores. The hydrodynamic drag correction factor for spheres of uniform permeability has been theoretically derived by Ooms et al., 17 Sutherland, 18 and Neale et al. 19 on the basis of the assumptions of incompressible, Newtonian, creeping flows:
Here β = (a/ √ k) = (a/Lp), is a normalized sphere radius, and k is the permeability. Figure 2 shows values of Lp plotted as a function of the density of the dry agglomerate. These results were calculated directly from Equations (1) and (2) using the observed sedimentation speed and the measured density of the fully soaked agglomerates. For low density agglomerates (< 0.4 g/cm 3 ), the Lp values showed a strong dependence on density. On the other hand, Lp values were not found to depend strongly on aggregate structure, matrix viscosity or interfacial properties. Thus, for the fluids used in this study, we found that the intrinsic permeability of fully soaked carbon black agglomerates, k fs , depends only on the agglomerate packing density.
It is known that the permeability of a porous solid will depend on its microstructure and the degree of saturation of its pores. In experiments involving dry or partially saturated agglomerates, the effective permeability of the porous cluster to the fluid, ke, will depend on the degree of saturation of the pores. Others 20 22 have defined the relative permeability, k rel , as the ratio of the effective permeability, ke, to the permeability at full saturation, ksat, and found that it depends on the degree of saturation, S, according to:
Depending on the nature of the porous medium, the exponent n has been found to range between 3 and 4 23 25 ; for a porous media consisting of uniformly sized spheres, n takes a value of 3.
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For the purpose of this study, we assume that k fs ≈ ksat. Furthermore as erosion exposes fresh surfaces to the fluid, infiltration first occurs through the largest pores between the aggregates. Thus, we take S = o/ , and define the effective characteristic length scale for partially saturated agglomerates, Lp,e, from
MATRIX INFILTRATION
The net density of the agglomerate and any incorporated fluid, ρ b , can be expressed by using the total volume of matrix fluid incorporated within the agglomerate, Vi, as
where ρs is the density of solid carbon black (1.86 g/cm 3 ). Combining Eqs. (1), (2) and (5), gives
Since the infiltration is very fast for the first several minutes, the outer infiltrated layer of the spherical agglomerate might be close to fully soaked conditions even though initially dry agglomerates are used. Thus, we use drag coefficients Ω measured for fully soaked agglomerates in the calculation of Vi during the infiltration process. Figures 3-5 show the kinetics of matrix infiltration for agglomerates comprised of the two grades of carbon black in PDMS of viscosities 30,000, 48,000 and 60,000 cS. For agglomerates of both grades, using fluids of higher viscosity results in lower Vi values for comparable immersion times. At comparable overall packing density, the low structure black showed overall higher values of Vi than the high structure black. This result is expected because of the higher percentage of larger sized, easier-to-fill, voids present between the aggregates comprising the low-structure carbon-black agglomerates. Figure 6 shows the analogous results for PBD of viscosity 48,000 cS. There is no clear difference in the Vi values for PBD and PDMS of the same viscosity (Figures 4 and 6) . Thus, the incorporation of matrix fluid within the agglomerate depends more strongly on matrix viscosity than on interfacial properties, at least for the viscosity range of 30,000 to 60,000 cS and for polymer liquids such as PDMS and PBD.
Aggregates of different morphologies will pack differently into an agglomerate of the same overall density and will give rise to a different internal void distribution. Even if the total volume of matrix fluid incorporated within agglomerates of a fixed size and packing density is the same, the distribution of the fluid can be different for the different types of agglomerates and polymers. Medalia 27 classified the voids within a carbon black agglomerate in two different categories; those within aggregates and those between aggregates. The ratio of the volume of voids within aggregates to the overall agglomerate volume, i can be calculated from DBPA values according 
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where the DBPA value is in units of cm 3 /100 g. The volume of voids between aggregates relative to the whole agglomerate volume, o, is calculated from
At the same overall agglomerate density, the low-structure carbon-black has more voids present between aggregates. The pores within aggregates may act as closed pores or pockets for entrapped air and thus may contribute very little to the permeability or pathways for liquid infiltration.
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By contrast, the pores between aggregates are believed to be main pathways for the fluid flow, and thus one should expect higher Vi values for agglomerates of the low structure grade. Assuming that the matrix infiltrates only through the pores between aggregates, the depth to which matrix has infiltrated into an agglomerate, δ, can be expressed as
KINETICS OF EROSION
The kinetics of erosion were analyzed in terms of the size of the parent agglomerate (radius a) as a function of shearing time. Typical results for agglomerates of the two grades of carbon black in PDMS of various viscosities are shown in Figures 7-9 . Shown is the fractional reduction in parent size (1 − a/a0, where a0 is the initial size of the agglomerate) as a function of shearing time. As we have reported in a previous study, 15 in PDMS of viscosity 30,000 cS there is a critical agglomerate density, 0.35 g/cm 3 , below which agglomerates exhibit high erosion rates for the whole duration of shearing, whereas for agglomerates with densities above this critical value, the erosion kinetic curves show a plateau after shearing time on the order of ten minutes. When higher viscosity PDMS is used, the critical agglomerate density is shifted to a higher value (0.38 g/cm 3 ). Since the applied shear stress was kept constant in all experiments, changing the matrix viscosity will affect only the infiltration process. Liquids of higher viscosity infiltrate slower, producing smaller values of δ. Figure 10 shows the results of erosion kinetics in PBD of 48,000 cS for the two grades of carbon black. For the high structure grade, the critical agglomerate density is 0.378 g/cm 3 , which is consistent with the results obtained with PDMS of the same viscosity. However, for the low structure grade, the critical agglomerate density is shifted to a higher value (0.407 g/cm 3 ). Also, agglomerates of density below the critical value erode much faster in PBD by comparison with PDMS of the same viscosity.
In order to describe qualitatively the different regimes of the erosion kinetic curves, we have proposed two distinct mechanisms as depicted in Figure 11 . In the initial stages of shearing, δ is smaller than or about the same as Lp,e. In this case, the hydrodynamic stress can be distributed throughout the whole infiltrated region and can act to remove fragments from the periphery of the agglomerate in sizes up to the value of δ (Mechanism B). Large fragments produced in this manner can subsequently erode into smaller fragments. Analysis of the size of fragments produced by dispersion under this condition (described in the following section) corroborate this hypothesis. When δ exceeds Lp,e, the interface between the infiltrated and dry regions of the agglomerate is no longer directly affected by shearing motions. Under this condition, erosion proceeds with only small fragments being removed from the agglomerate periphery (Mechanism A). Figure 12 shows schematically how the saturation level in the pore space within an agglomerate affects its cohesivity. As more liquid is added to the interior of a porous object, the presence of liquid bridges between the particles and the associated capillary forces impart additional cohesivity to the agglomerate. However, at high saturation levels, fewer liquid bridges can exist within the agglomerate (since a liquid bridge requires the presence of an air-liquid interface) and its cohesivity decreases. Thus, at the initial stages of infiltration, there will be a discontinuity in cohesivity at the interface between the infiltrated and dry portions of the agglomerate which may allow fragmentation at this interface. When the liquid infiltrates deeper than where shear flow can occur, the presence of the liquid may stabilize the agglomerate.
In Figure 1 , we illustrated the two kinetic regimes for agglomerate erosion. Regime I is characterized by the simultaneous operation of Mechanisms A and B. In Regime II, Mechanism B is terminated, and dispersion occurs only by Mechanism A.
In an attempt to quantify these phenomena, we compare Lp,e to the effective depth to which fluid has infiltrated into the eroded agglomerate. Since the values of δ reported earlier are valid for an agglomerate of a fixed size, and the erosion process results in an agglomerate of diminishing size, we define δ to be the effective depth to which fluid has penetrated into an eroding agglomerate. As an approximation, we assume that the ratio of the size of the uninfiltrated core of the agglomerate to the overall size of the agglomerate remains constant during erosion, namely,
This approximation should be valid for agglomerates that have undergone only moderate amounts of erosion. Figures 13-16 show the ratio δ /Lp,e as a function of shearing time for the various systems studied. Also indicated on these figures is a band indicating the value of (δ /Lp,e)crit corresponding to the transition between the two kinetic regimes. When δ /Lp,e is less than this critical value, fast erosion occurs, but slow erosion occurs for δ /Lp,e greater than the critical value. In some cases, δ /Lp,e never exceeds the critical value, and only fast erosion was observed for the duration of the shearing experiment. It is interesting to observe that regardless of carbon black grade, matrix nature or viscosity, all the data indicate critical ratios δ /Lp,e in the range 3-5. Since Lp,e is only a characteristic length, the actual depth to which fluid can flow within the agglomerate can be a multiple of Lp,e. Thus, the transition between the two erosion regimes can be associated with the passage of the interface between the infiltrated and dry portions of the agglomerate beyond a critical depth from the agglomerate periphery.
FRAGMENT SIZE ANALYSIS
In order to further investigate our hypothesis for the causes of the different erosion regimes, we analyzed fragment size distributions obtained at various times of shearing. In order to accomplish this, we stopped shearing of the agglomerate after specific times, removed the parent agglomerate from the cone-and-plate device, and analyzed the fragment size distribution using an image analysis system. The parent agglomerate was then placed into fresh liquid, and shearing was continued. Most of the fragments eroded were flakes and their size was calculated from their projected area since their thickness was too small to be measured. Figure 17 shows fragment size distributions obtained by shearing Monarch 900 agglomerates of density 0.335 g/cm 3 in PBD and PDMS of similar viscosity. Note that the agglomerate density is below the critical value for slow erosion in both cases, and fast erosion occurred at all times. Plotted in Figure 17 are the fragment size distribution (in terms of % of projected area observed for the fragments) and the number of fragments obtained for each size. It is interesting that fragments obtained in the experiments in PDMS show a broad distribution, with approximately 70% of the fragments in a size range 0-120 µm and the balance having sizes between 120 µm to 300 µm. By contrast, experiments in PBD produced a very large number of very small fragments with sharply reduced numbers of larger fragments. In the PDMS experiments, we expect that fragments ranging in size up to the thickness of the infiltrated layer can be removed. However, in the PBD experiments, although the fragments up to the size of the infiltrated layer could be removed, the narrow size distribution of fragments suggests that either fewer of these large fragments were produced, or that the large fragments subsequently eroded into still smaller fragments. It can be argued that due to differences in the polarity and surface tension of the two fluids, the degree of saturation of the infiltrated layer should be different for the cases of PBD and PDMS. While both fluids will fill the voids between aggregates, PBD should infiltrate the pores within aggregates to a greater degree than PDMS. Thus, according to the schematic in Figure 12 , because of the expected higher saturation levels, the cohesivity of the fragments produced in PBD may be smaller than those of fragments produced in PDMS, and the continued erosion of large fragments may be more likely in PBD.
We also analyzed fragment size distributions produced in experiments of erosion with agglomerates of density higher than the critical value for fast erosion. In this case, we collected and analyzed separately the fragments produced in both the fast and slow dispersion regimes. Figure  18 shows fragment size distributions obtained in fast Regime I (0-10 minutes of shearing) in experiments carried out with agglomerates of the two grades and various densities in 30,000 cS PDMS. In all cases, a relatively large number of fragments smaller than 100 µm were produced, with the number decreasing with an increase in agglomerate density. Also, the high-structure carbon black produced a smaller amount of fragments in comparison to agglomerates of similar density made of the low structure black since at comparable packing density, the latter is less cohesive than the former. This result supports the hypothesis that in Regime I, Mechanism B can occur. Fewer fragments are observed from the erosion of more cohesive agglomerates. Figure 19 shows fragment size distributions obtained in Regime II (10-30 minutes shearing). By contrast with results of fast erosion, a very small number of fragments were produced. Most of the fragments were of small size, indicating that breakage primarily occurs near the periphery of the infiltrated agglomerate.
CONCLUSIONS
The effects of matrix viscosity and interfacial properties on agglomerate permeability, matrix infiltration and dispersion kinetics were investigated for carbon black agglomerates of different packing density and two different aggregate structures. For thoroughly soaked agglomerates, values of L p were found not to depend on matrix viscosity or nature of the polymers for the systems investigated. The volume of infiltrated fluid decreases with an increase in matrix viscosity at comparable infiltration times. There were no clear differences between the infiltration behavior for PDMS and PBD.
We found a critical packing density below which agglomerates continuously exhibit high erosion rates. At packing densities above this value, the erosion kinetic curves show plateau values after several minutes of shearing. When higher viscosity PDMS fluids are used, the critical packing density shifts to a higher value for both grades of carbon black. In PBD, the critical agglomerate density is similar to that for PDMS for the high structure grade, but shifts to a higher value for the low-structure carbon-black.
Infiltration of polymer into carbon black agglomerates tends to retard erosion kinetics due to the effect of capillary forces on agglomerate cohesivity. Two distinct erosion regimes were observed and could be correlated with the ratio δ /Lp,e. Critical values of this ratio that distinguish the two erosion regimes were found not to depend strongly on either the grade of carbon black, nature of the fluid matrix, or its viscosity.
